
Abstract—In this paper, a compact battery charger based on 

wireless power transfer (WPT) technology without any commu-

nication requirement is proposed. Here, a new intermediate coil is 

developed to achieve load-independent constant current (CC) and 

constant voltage (CV) outputs. The intermediate coil is spilt into 

two coils and is overlapped with the receiver coil to form a com-

pact structure. Two switches on the receiver side are used to re-

configure the intermediate resonant circuit in order to select dif-

ferent charging modes, i.e., CC mode or CV mode. The commu-

nication between the transmitter side and the receiver side as well 

as complex control strategies are not needed in the proposed 

structure. Besides, the proposed system can achieve zero phase 

angle (ZPA) operation, fixed operating frequency and zero volt-

age switching (ZVS), which not only can lower the power rating of 

power devices but also improve the efficiency. A laboratory pro-

totype with a 3.6A charging current and a 48V charging voltage is 

built to verify the feasibility of the proposed method. 

Index Terms—Wireless power transfer (WPT), battery, con-

stant current (CC), constant voltage (CV) 

I. INTRODUCTION

IRELESS power transfer (WPT) technology has been

widely applied to various applications, e.g., biomedical 

implants [1], mining applications [2], underwater applications 

[3], and electric vehicles (EVs) [4] due to its crucial merits, e.g., 

convenient, safety, etc. In these applications, batteries are usu-

ally used to store the energy. To ensure the safety of the battery 

and the effectiveness of the charging system, it is desirable that 

a constant current (CC) charging stage is followed by a constant 

voltage (CV) charging stage [5]. Besides, the equivalent re-

sistance of the battery will vary significantly during the 

charging process [5]. It is therefore essential to design a WPT 

system to achieve load-independent CC and CV charging. 

Recently, to address the issues mentioned above, various 

approaches have been investigated. The CC output and CV 

outputs can be achieved by adjusting the operating frequency of 

the WPT system [6]. However, the WPT system may be un-

stable by using the frequency control method due to the fre-

quency bifurcation phenomenon [7]. Besides, without zero 

phase angle (ZPA) operation of the inverter, reactive power 

will be generated, which will increase the power rating of the 

power deceives in the inverter. Furthermore, the wireless 

communication between the transmitter side and the receiver 

side is needed for the feedback control, which increases the 

overall system cost.  

It is desirable that the output current and output voltage are 

independent of the load, which can simplify the design of the 

control dramatically. By using an optimal operating frequency, 

a series-series (SS) tuned WPT system can achieve the 

load-independent CV output [8]. Nevertheless, the realizations 

of ZPA and CC output are missing in [8]. Both 

load-independent CC and CV outputs can be achieved by 

switching series compensation into parallel compensation on 

the transmitter side [9]. However, it needs three switches and an 

extra inductor on the receiver side, which will increase the cost 

and installation space. A hybrid compensation topology, using 

an inductor, three capacitors, and two switches, is used on the 

receiver side to achieve CC and CV charging [10]. Similarly, 

additional components used on the receiver side will increase 

the installation space.  

Another concern is that, in existing wireless battery charging 

systems, communication between the stationary transmitter in 

the charging station and the receiver attached to the battery of 

the vehicle is usually required to form a closed-loop control. 

Unfortunately, wireless communication facilities will increase 

the system cost. Also, the charging performance suffers from 

communication delay problems or even interruption issues, 

regardless of cable-based or wireless communication. In this 

sense, the question now becomes: is it possible to develop a 

compact battery charger based on WPT technology without any 

communication requirement? To provide a positive answer to 

the above question, a new intermediate coil based WPT system 

with load-independent CC and CV outputs is proposed here. 

The intermediate coil is integrated and placed in overlap with 

the receiver coil to form a very compact structure. The inter-

mediate coil is spilt into two coils. Two low-cost switches and 

two resonant capacitors are used in two spilt coils to form a 

reconfigurable intermediate resonant circuit. The CC and CV 

charging modes can be realized by reconfiguring the interme-

diate resonant circuit with the help of the two switches. The 

communication between the receiver side and the transmitter 

side as well as complex control methods are not needed for the 

proposed method. Moreover, this proposed WPT system can 

achieve ZPA operation, fixed operating frequency and zero 

voltage switching (ZVS) simultaneously. As a result, the power 

rating of the power devices will be reduced, and the efficiency 

will be improved.  

This proposed approach is superior to the traditional methods. 

Compared to the approach presented in [9], this topology is 

more compact due to the fact that one inductor and one capac-
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itor are saved. Compared to [10], one switch and the wireless 

communication are avoided. It should emphasize that the pro-

posed structure is aimed for applications where all the param-

eters of the WPT system, e.g., mutual inductances and 

self-inductances, can be easily fixed [10], [13]. Therefore, 

light-weight electric mobiles like electric bicycles (EBs) could 

be a huge potential market for the proposed structure as the 

on-board receiver coil can be easily aligned with the stationary 

transmitter.  

II. THE DESIGN OF THE COUPLING COILS WITH AN 

INTERMEDIATE COIL 

150mm

20mm

 Transmitter LP

 LT1

 LT2

Receiver  LS

(a) (b)
Fig. 1. The 3-D view of the proposed coil structure. 

Fig. 1 depicts the proposed coil structure, where the inter-

mediate coil is split into two coils, i.e., LT1 and LT2, and it is 

placed in overlap with the receiver coil LS on the receiver side 

to form a compact structure as shown in Fig. 1(b). It should note 

that all coils are double D (DD) coils [11] but with different 

directions, i.e., LS and LT2 are perpendicular to LT1 and LP. As a 

result, the net magnetic flux generated by LT1 and LP passing 

through LS and LT2 will be zero if the structure is completely 

symmetrical [12], and vice versa. Therefore, the mutual in-

ductances between those perpendicular coils are almost zero. 

Inside the perpendicular coils, there are only two mutual in-

ductances, i.e., M1 between LT1 and LP, and M2 between LT2 and 

LS. To simplify the design, LT1 is designed to be equal to LT2, i.e., 

LT1= LT2= LT.  
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Fig. 2. The circuit diagram of the proposed WPT system based on a reconfig-

urable intermediate resonant circuit.  

III. CIRCUIT TOPOLOGY 

The circuit diagram of the proposed WPT system is illus-

trated in Fig. 2, where a reconfigurable intermediate resonant 

circuit is formed by two additional switches S1 and S2 that can 

be the low-cost and compact relays [13]. As shown in Fig. 3, 

two intermediate resonant circuits can be obtained, resulting in 

two operating modes of the proposed WPT system. CP, CT1, CT2, 

and CS are the resonant capacitors, which should satisfy the 

following equation to tune the WPT system  
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where ω  is the operating frequency of the proposed WPT 

system. 

The relationship between the input and output of the inverter 

and the rectifier can be expressed as [10] 
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A. Circuit Modeling and Analysis in CC Mode

Fig. 3(a) shows the equivalent circuit of the proposed WPT

system when S1 and S2 are turned on, where Req is the equivalent 

resistance of the rectifier, i.e.,  
1

2

eq L8R R


  [10]. According

to Kirchhoff's Voltage Law (KVL) and the mutual coupling 

theory, the system can be expressed as  
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Substituting (1) and (4) into (3), the following equations can 

be obtained 
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Then, substituting (2) into (5), the DC output current can be 

obtained as  
2

18 πB dc T 2I V L MMω (6) 

It is clear from equation (6) that the output current of the

proposed WPT system BI is irrelevant to the load eqR . Instead, 

it is determined by the inherent parameters, i.e., LT, M1, M2, the 

input DC voltage dcV , and the operating frequency ω . Once 

these parameters are designed and fixed, the output current can 

be considered as a constant current source, which is suitable for 

charging battery in the CC stage. Meanwhile, the input im-

pedance seen from the inverter is purely resistive, which indi-

cates that this WPT structure can achieve ZPA with fixed op-

erating frequency by using the resonant compensations. 

Therefore, the inverter only provides active power to the load, 

which can lower the power rating, i.e., current stress or voltage 

stress of the power devices [10]. 
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Fig. 3. The equivalent circuits of the proposed WPT system. (a) When S1 and S2 

are turned on, and (b) when S1 and S2 are turned off. 

B. Circuit Modeling and Analysis in CV Mode

The circuit structure becomes the one shown in Fig. 3(b) by

turning off S1 and S2. Similarly, by using KVL and the mutual 

coupling theory, the following equations can be obtained  
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Substituting (1) and (4) into (7), the currents and voltages 

can be described as   
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Similarly, substituting (2) into (8), the DC output voltage can 

be calculated as  

1B dc 2V V M M (9) 

Interestingly, the DC output voltage BV  is independent of the 

load eqR in this case. It can be considered as a constant voltage

source, provided that dcV , M1, and M2 are fixed. It can be used 

to charge battery in the CV stage. The inverter can also achieve 

ZPA with fixed operating frequency.  

C. Control and Discussion

The control diagram for the proposed WPT system is pro-

vided in Fig. 4, where k and VB are the voltage gain and refer-

ence charging voltage in the CV mode, respectively. Low-cost 

relay can be used as the switches S1 and S2. When the battery 

voltage vB is smaller than the reference charging voltage VB, i.e., 

vB < VB, the driving signals of S1 and S2 are high level to turn on 

S1 and S2 so that the system operates in the CC mode. Then, 

when the battery voltage reaches the reference charging voltage 

during the charging process, the driving signals of S1 and S2 

become low level. The charging mode will be changed to CV 

mode by turning off S1 and S2. 

S1 and S2

Comparator

k Battery Voltage vB

k Charging Voltage VB

Gain

Fig. 4. The control diagram for S1 and S2. 

As we can find from the above analysis, the proposed WPT 

system can work either in CC mode or CV mode by flexibly 

reconfiguring the intermediate resonant circuit with the help of 

the additional switches. And, both two operation modes can 

achieve ZPA, which can lower the power rating of the power 

devices by only providing active power to the load. Thanks to 

the additional switches installed on the receiver side, the 

communication between the transmitter side and the receiver 

side is not needed in the proposed WPT system. This not only 

can save the cost but also can improve the stability.  

It can be found from (6) and (9) that both IB and VB are highly 

related to the mutual inductances M1 and M2. Therefore, the 

variations of M1 or M2 caused by misalignments will affect the 

accuracy of the charging current IB and the charging voltage VB. 

This is the limitation of the proposed idea. Therefore, this 

proposed method is suitable for those applications where the 

receiving coil can be easily aligned with the transmitting coil, 

e.g., electronic bicycles (EBs) [10], [13] and hence, M1 and M2

can be easily fixed and nearly constant.

It should note that the CC and CV characteristics can also be 

derived by using the gyrator-based analysis method [14]. 

IV. PARAMETERS DESIGN

In the first step, the charging current IB and charging voltage 

VB should be chosen according to the requirement of the battery. 

Then, the DC input voltage Vdc should be chosen. Finally, ac-

cording to (6) and (9), the mutual inductances can be calculated 

as  
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The finite element analysis (FEA) software Maxwell plays 

an important role in designing the coupling coils [10], [11], [13]. 

The size of the coil will be first determined by the available 

installation space of various applications. Then, LT can be de-

termined, and the turns of the intermediate coil can be calcu-

lated by Maxwell to achieve the desired LT. Finally, required 

mutual inductances can be achieved by varying the turns of the 

transmitter coil and the receiver coil using Maxwell [10], [11], 

[13]. The flow chart of designing the coils is shown in Fig. 5.  

In this paper, the input DC voltage is chosen as 60V 

(Vdc=60A). The operating frequency is 500 kHz. LT is chosen as 

18μH in this paper as an example. Four batteries manufactured 

by RS Pro are connected in series as the load [15]. The rec-

ommended maximum charging current and charging voltage 

for the load are 3.6A (IB=3.6A) and 48V (VB=48A), respec-

tively [15]. The dimensions of the coupling coils are shown in 

detail in Fig. 1, where the airgap is selected as 20mm which is 

suitable for applications such as EBs [10]. To reduce the cost, 

ferrite cores are not used in this work. Then, the turns of LP, LT1, 

LT2, and LS are calculated as 11, 8, 8, 4 to achieve the desired 

mutual inductances by using Maxwell. 

Start

Choose desired w, coil size, 

Vdc, IB, VB, LT, and air gap

End

Calculate the desired mutual 

inductances M1 and M2

The finite element 

analysis is performed by 

MAXWELL  to change  

turns of the coils to 

achieve the desired M1 

and M2

Fig. 5. The flow chart of designing the coils. 

TABLE Ι 

SYSTEM SPECIFICATION AND PARAMETER VALUES 

Vdc LP LT1 LT2 LS M1 

    60V 22.17μH 18.02μH 18.02μH 6.94μH 9.82μH 

M2 CP CT1 CT2 CS f 

7.87μH 4.57nF 5.62nF 2.81nF 14.60nF 500kHz 

V. EXPERIMENTAL VERIFICATIONS

The experimental prototype is depicted in Fig. 4. The de-

tailed parameters are given in Table Ι. Fig. 7 (a) shows the key 

experimental waveforms in CC mode, where the DC output 

current is kept at ~3.6A. The inverter can achieve both ZPA and 

ZVS in CC mode as shown in Fig. 7 (a) and (b), which agrees 

well with the theoretical analysis.  
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Fig. 6. Experimental setup. 
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Fig. 7. Experimental waveforms in CC mode. (a) Waveforms of vin, iP, vB, iB, 
and (b) waveforms of Q4. 
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Fig. 8. Transient waveforms from CC mode to CV mode. (a) Waveforms of the 
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Fig. 9.  Experimental waveforms in CV mode. (a) Waveforms of vin, iP, vB, iB, 

and (b) waveforms of Q4. 
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Fig. 10. The dynamic performance of the proposed WPT system. (a) In CC 

mode when the load changes from 5Ω to 10Ω, and (b) In CV mode when load 

changes from 40Ω to 20Ω. 
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Fig. 11. Experimental results. (a) Measured charging profile, and (b) Measured 

efficiencies.

The CC mode will be changed into CV mode when the bat-

tery voltage is increased to 48V. It can be found from Fig. 8 that 

the CC mode can be smoothly changed to the CV mode by 

using the relay switches. The corresponding experimental 

waveforms when the system operates in the CV mode are 

shown in Fig. 9. From Fig. 9, the charging voltage can be 

maintained at ~48V, and the charging current decreases during 

the CV charging process. Once again, the WPT system can 

achieve ZPA and ZVS in the CV mode.  

In order to test the robust performance of the proposed WPT 

system when the load is suddenly changed, the battery is 

replaced by the electronic load as the load. It can be found in 

Fig. 10(a) and Fig. 10(b) that the proposed WPT system can 

maintain a constant output current in the CC mode and a 

constant output voltage in the CV mode when the load changes. 

The measured experimental results in terms of charging 

current, charging voltage, and the overall efficiency during the 

entire charging profile are shown in Fig. 11(a) and Fig. 11(b), 

respectively. The maximum charging efficiency is 92.25%, 

which is acceptable for battery charging applications. The 

charging current will decrease during the CV charging process. 

In other words, the equivalent resistance of battery significantly 

increases during the CV charging process. Therefore, it leads to 

the WPT system works in light-load conditions, i.e., the output 

power drops in CV mode, which results in a low efficiency 

during the CV mode. Finally, the charging process will be 

completed with the charging current decreases to nearly zero. 

VI. CONCLUSION

A reconfigurable intermediate resonant circuit based WPT is 

presented to charge batteries. The intermediate coil is split into 

two coils to form a reconfigurable intermediate resonant circuit. 

The intermediate coil is placed in overlap with the receiver coil, 

which makes the coupling coil structure much simpler and 

more compact than the previous approaches. Both CC and CV 

modes can realize ZPA and ZVS, simultaneously. An experi-

mental prototype is built to verify the effectiveness of the 

proposed method, and the experimental results verify the va-

lidity of the theoretical analysis.  
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